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Introduction 


The  purpose  of  this  project  is  to:  1)  determine  the  incidence  and  clinicopathological  significance  of 
PI3K/AKT2  alterations  in  breast  cancer,  2)  examine  the  role  of  overexpression  of  active  and  wild  t5^e 
PI3K/AKT2  in  mammary  cell  transformation  and  3)  determine  the  role  of  PI3K/AKT2  in  chemoresistance  and 
as  targets  for  breast  cancer  intervention. 

Body; 

During  the  last  budget  year,  we  have  mainly  focused  our  effort  on  specific  aim  3,  i.e.,  determine  the  role  of 
PI3K/AKT2  in  chemoresistance  and  as  targets  for  breast  cancer  intervention. 

1.  PI3K/AKT2  activation  contributes  to  chemoresistance. 


We  have  previously  shown  significant  increase  of  PI3K  and  AKT2  protein  and  kinase  levels  in  primary  beast 
carcinomas  (1,  2).  To  determine  activation  of  AKT2  in  chemoresistance,  we  have  established  pTet-on/pTRE2- 
HA-DN-y4^72  and  -liA-myr-AKT2  stably-transfected,  i.e.  doxycyclin  inducible,  Hela  clonal  cell  lines.  Two 
(clones  6  and  13)  of  18  DN-AKT2  and  1  (clone  27)  of  18  myr-AKT2  clonal  lines  are  not  leaky  (Fig.  lA  and  B). 
After  induction  with  doxycycline  (1  pg/ml),  DN-AKT2  expresses  at  very  high  level,  blocks  EGF-induced  kinase 
activity  of  3  isoforms  of  endogenous  AKT  (Fig.  1C),  and  inhibits  cell  growth  (36%  less  than  that  in  uninduced 
cells.  Fig.  ID).  These  clonal  cell  lines  were  treated  with  commonly  used  chemotherapeutic  drugs,  including 
cisplatin,  paclitaxel,  etopside,  vincristine,  metrotrexate,  and  doxorubicin.  Tetrazolium  salt  microtiter  plate  assay 
(CellTiter  96  Cell  Proliferation  Assay,  Promega)  revealed  that  the  cells  expressing  constitutive  activated  AKT2 
became  to  resistant  to  paclitaxel,  etopside,  and  cisplatin  (Fig  IE)  whereas  DN-AKT2  sensitized  the  cells  to 
some  chemotherapeutic  reagent-induce  cell  death  (Fig.  IF).  These  data  indicate  that  activation  of  AKT2 
contributes  to  chemoresistance. 
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Fig.  1.  Inducible  expression  of  HA-myr-AKT2  and  HA-DN-AKT2  in  Hela-derived  cell  lines,  which  are 
related  to  chemotherapeutic  drug  sensitivity.  (A)  Western  blot  (top  panel)  and  in  vitro  kinase  (bottom 
panel)  analyses  of  Myr-AKT2  (clones  10  and  27)  and  DN-AKT2  (clones  6  and  13)  clonal  cell  lines.  Cells 
were  treated  with  (+)  or  without  (-)  doxycycline  for  48  h.  (B)  Myr-AKT-27  and  DN-AKT-6  cells  were 
exposed  to  doxycycline  for  indicated  times.  Cell  extracts  were  immunoblotted  with  anti-HA  antibody.  (C) 

In  vitro  kinase  assay  of  endogenous  AKTl,  AKT  and  AKT3  immunoprecipitates  from  DN-AKT2-6  cells 
stimulated  with  EOF  fori  5  min  after  treatment  with  or  without  doxycycline  (I  pg/ml)  for  48  h.  (D)  Cell 
growth  in  DN-AKT2-6  clonal  cell  line  treated  with  or  without  doxycycline  (I  \ig/ml)  for  indicated  times.  (E) 

Hela  cells  expressing  myr-AKT  became  resistant  to  the  indicated  drugs.  (F)  Hela  cells  exprssing  DN-AKT 
are  sensitized  to  cisplatin. 

2.  AKT2  inhibition  of  cisplatin-induced  JNK/p38  activation  and  Bax  conformational  change  by 
phosphorylation  of  ASKl. 

Cisplatin  and  its  analogues  have  been  widely  used  for  treatment  of  human  cancer.  However,  most 
patients  eventually  develop  resistance  to  treatment  through  a  mechanism  that  remains  obscure.  Here  we 
demonstrate  that  constitutively  active  AKT2  renders  cisplatin-sensitive  A2780S  cells  resistant  to  cisplatin, 
whereas  phosphatidylinositol  3-kinase  inhibitor  or  dominant  negative  AKT2  sensitizes  A2780S  and  cisplatin- 
resistant  A2780CP  cells  to  cisplatin-induced  apoptosis  through  regulation  of  the  ASKl/JNK/p38  pathway. 
AKT2  interacts  with  and  phosphorylates  ASKl  at  Ser-83  resulting  in  inhibition  of  its  kinase  activity. 
Accordingly,  activated  AKT2  blocked  signaling  down-stream  of  ASKl,  including  activation  of  JNK  and  p38 
and  the  conversion  of  Bax  to  its  active  conformation.  Expression  of  nonphosphorylatable  ASK1-S83A 
overrode  the  AKT2-inhibited  JNK/p38  activity  and  Bax  conformational  changes,  whereas  phosphomimic 
ASK1-S83D  inhibited  the  effects  of  cisplatin  on  JNK/p38  and  Bax.  Cisplatin-induced  Bax  conformation 
change  was  inhibited  by  inhibitors  or  dominant  negative  forms  of  JNK  and  p38.  In  conclusion,  our  data 
indicate  that  AKT2  inhibits  cisplatin-induced  JNK/p38  and  Bax  activation  through  phosphorylation  of  ASKl 
and  thus,  plays  an  important  role  in  chemoresistance.  Further,  regulation  of  the  ASK  l/JNK/p3  8/Bax  pathway 
by  AKT2  provides  a  new  mechanism  contributing  to  its  antiapoptotic  effects  (3). 

3.  Akt  negatively  regulates  MSTl  and  protects  cells  from  MSTl-induced  apoptosis. 

The  serine/threonine  kinase  MSTl  (mammalian  STE20-like  kinase  1)  can  be  activated  after  cleavage  by 
caspases  and  promotes  apoptosis  (4),  however,  the  regulation  of  MSTl  has  not  been  well  documented.  In  this 
study,  we  demonstrated  that  MSTl  is  phosphorylated  by  Akt  at  Thr  120  (Fig  2).  The  phosphorylation  leads  to 
the  inhibition  of  cleavage  and  kinase  activity  of  MSTl  at  the  basal  level  or  under  treatment  of  Stauroporine 
(STS;  Fig  3).  Ectopic  expression  of  constitutively  active  Akt  inhibits  the  cleavage  and  kinase  activity  of  MSTl 
induced  by  STS,  however,  nonphosphorylatable  MST1-T120A  (mutation  of  threonine- 120  to  alanine)  block 
Akt  inhibitory  function  whereas  phosphomimic  MST1-T120D  (mutation  of  threonine- 120  to  aspartic  acid) 
becomes  resistant  to  easpases  cleavage  and  exhibnits  lower  kinase  activity.  The  activation  of  JNK,  a 
downstream  target  of  MSTl,  is  inhibited  in  the  cells  expressing  MST1-T120D,  but  not  MST1-T120A. 
Moreover,  the  phosphorylated  MSTl  has  the  lowest  caspase  activity  and  JNK  activation  (Fig  4).  Finally, 
constitutively  active  Akt  block  the  nuclear  translocation  of  MSTl  (Fig  3C). 
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Fig.  2.  MSTl  is  a  substrate  of  Akt  (A  and  B)  IGF-1  inhibits  MSTl  cleavage  STS-induced  cell  death..  (C)  PI3K 
and  constitutively  active  Akt  inhibit  MSTl  cleavage,  whereas  dominant  negative  Akt,  LY294002  and  Akt  inhibitor 
enhance  MSTl  cleavage.  (D)  Comparison  of  the  putative  Akt  phosphorylation  sites  in  MSTl  with  the  sequences 
of phosphorylation  sites  of  known  Akt  substrates.  (E)  In  vivo  labeling  (top).  Akt  phosphorylates  MTSl  in  vivo. 
Expression  of  Flag-MSTl  was  shown  in  bottom  panel.  (F)  Immunoblotting  analysis  of  the  Flag-MSTl 
immunoprecipitates  with  anti-Akt-phopsho-substrate  antibody  (top).  Bottom  panel  shows  expression  of  Flag- 
MSTl. 


Fig.  3.  Akt  phosphorylation 
of  MSTl  inhibits  cleavage, 
kinase  activity  and  nuclear 
localization  of  MSTl.  (A) 
Akt  inhibits  STS-induced 
cleavage  and  kinase  activity 
of  MSTl.  (B).  Phosphomimic 
MST1-T120D  exhibits  low 
levels  of  kinase  activity.  (C) 
GFP-tagged  WT  and 
nonphosphorylatable  MSTl 
are  localized  in  the  nucleus, 
whereas  phosphomimic 
MSTl  stays  in  cytosol  even 
following  treatment  with 
STS. 
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Fig.  4.  Akt phosphorylation  ofMSTl  inhibits  MSTl-induced  caspase  activity  (A)  andJNK  activation  (B). 


4.  Geranylgeranyltransferase  I  Inhibitor-298  inhibits  AKT2  and  survivin  pathway  to  overcome 
chemoresistance. 

GGTI  represents  a  new  class  of  anti-cancer  drugs  that  show  promise  in  blocking  the  tumor  growth  (5). 
However,  the  mechanism  by  which  GGTIs  contribute  to  inhibit  tumor  cell  proliferation  is  still  imclear.  We 
have  recently  demonstrated  that  GGTI-298  induces  apoptosis  in  both  cisplatin  sensitive  and  resistant  human 
cancer  cells  by  inhibition  of  PI3K/Akt,  including  AKTl  and  AKT2,  and  survivin  pathways.  Following  GGTI- 
298  or  GGTI-2166  treatment,  kinase  levels  of  PI3K  and  AKT  were  decreased  and  survivin  expression  was 
significantly  reduced.  Ectopic  expression  of  constitutively  active  AKT2  and/or  survivin  significantly  rescue 
human  cancer  cells  from  GGTI-298-induced  apoptosis.  Previous  studies  have  shown  that  Akt  mediates  growth 
factor-induced  survivin,  whereas  p53  inhibits  survivin  expression.  However,  constitutively  active  AKT2  failed 
to  rescue  the  GGTIs  downregulation  of  survivin.  Further,  GGTIs  suppress  survivin  expression  and  induce 
programmed  cell  death  in  both  wild  type  p53  and  p53-deficient  ovarian  cancer  cell  lines.  These  data  indicate 
that  GGTI-298  and  GGTI-2166  induce  apoptosis  by  targeting  PI3K/AKT  and  survivin  parallel  pathways 
independent  of  p53.  Due  to  the  fact  that  upregulation  of  Akt  and  survivin  as  well  as  inactivation  of  p53  are 
frequently  associated  with  chemoresistance  (6-8),  GGTI  could  be  valuable  agents  to  overcome  anti-tumor  drug 
resistance. 


5.  Create  mouse  mammary  tumor  virus  (MMTV)-AKT2  transgenic  mouse 

We  have  created  3  lines  of  mouse  mammary  tumor  virus  (MMTV)  promoter  driven- AKT2  transgenic  mice, 
which  have  been  observed  for  more  than  1 1  months.  No  breast  tumors  have  developed  so  far.  We  plan  to 
maintain  the  mice  for  1.5  years.  We  will  also  cross  MMTV-AKT2  mice  with  MMTV-c-erbB2  mice,  which  will 
be  obtained  from  Dr.  William  Muller  at  Ontario  Cancer  Institute. 
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Key  Research  Accomplishment 


1  Activation  of  AKT2  contributes  to  chemoresistance. 

2  GGTI  inhibits  AKT  and  survivin  pathway  and  overcome  cisplatin  resistance.. 

3  AKT2  targets  ASKl  and  MSTl  to  induce  cell  survival. 

Reportable  Outcomes 

Dein  HC,  Coppola  D,  Jinag  K,  Liu  A,  Hamilton  AD,  Nicosia  SV,  Sebti  SM,  Cheng  JQ.  Phosphatidylinositol-3- 
OH  Kinase/ Akt  and  Survivin  Pathways  as  Critical  Targets  for  Geranylgeranyltransferase  I  Inhibitors  Induced 
Apoptosis.  Oncogene,  In  press 

Leung  BM,  Fraser  M,  Yan  X,  Dan  HC,  Cheng  JQ,  Tsang  BK.  Akt  and  p53  Are  Determinants  of  Xiap- 
Mediated  Chemoresistance  in  Human  Ovarian  Cancer.  Cancer  Res.,  In  press 

Sun  M,  Yang  L,  Feldman  RI,  Sun  X,  Jove  R,  Nicosia  SV,  Cheng  JQ.  Activation  of  Phosphatidylinositol-3-OH 
Kinase/Akt  Pathway  by  Androgen  through  interaction  of  p85a,  AR  and  Src.  J.  Biol.  Chem.  In  press 

Chen  T,  Yang  I,  Irby  R,  Shain  KH,  Wang  HG,  Quackenbush  J,  Coppola  D,  Cheng  JQ,  Yeatman  TJ.  Regulation 
of  caspase  expression  and  apoptosis  by  adenomatous  polyposis  coli.  Cancer  Res.  63:4368-4374,  2003. 

Yuan  Z,  Feldman  RI,  Sussman  GE,  Coppola  D,  Nicosia  SV,  Cheng  JQ.  AKT2  inhibition  of  cisplatin-induced 
JNK/p38  and  Bax  activation  by  phosphorylation  of  ASKl :  Implication  of  AKT2  in  chemoresistance.  J.  Biol. 
Chem.  278:23432-13440, 2003. 

Gritsko  TM,  Coppola  D,  Paciga  JE,  Yang  L,  Sun  M,  Shelley  SA,  Fiorica  JV,  Nicosia  SV,  Cheng  JQ. 
Activation  and  Overexpression  of  Centrosome  Kinase  BTAK/Aurora-A  in  Human  Ovarian  Cancer.  Clin 
Cancer  Res.  9:1420-1426, 2003. 

Dan  H.C.,  Sun  M.,  Yang  L.,  Feldman  R.I.,  Sui  X-M.,  Yeung  R.S.,  Halley  D.J.J.,  Nicosia  S.V.,  Pledger  W.J., 
Cheng,  J.Q.  PI3K/AKT  pathway  regulates  TSC  tumor  suppressor  complex  by  phosphorylation  of  tuberin.  J. 
Biol.  Chem.  277:35364-35370,  2002. 

Conclusion 


1 .  Activation  of  PI3K/AKT2  pathway  rendered  cells  resistant  to  chemotherapeutic  drugs. 

2.  ASKl  and  MSTl  are  physical  substrates  of  AKT. 

3.  AKT  induces  cell  survival  by  inhibition  of  ASKl  and  MSTl . 

4.  GGTI  inhibition  of  AKT  and  survivin  pathway  to  induce  apoptosis. 
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Cisplatin  and  its  analogues  have  been  widely  used  for 
treatment  of  human  cancer.  However,  most  patients 
eventually  develop  resistance  to  treatment  through  a 
mechanism  that  remains  obscure.  Previously,  we  found 
that  AKT2  is  frequently  overexpressed  and/or  activated 
in  human  ovarian  and  breast  cancers.  Here  we  demon¬ 
strate  that  constitutively  active  AKT2  renders  cisplatin- 
sensitive  A2780S  ovarian  cancer  cells  resistant  to  cispla¬ 
tin,  whereas  phosphatidylinositol  3-kinase  inhibitor  or 
dominant  negative  AKT2  sensitizes  A2780S  and  cispla- 
tin-resistant  A2780CP  cells  to  cisplatin-induced  apo¬ 
ptosis  through  regulation  of  the  ASKl/JNK/p38  path¬ 
way.  AKT2  interacts  with  and  phosphorylates  ASKl  at 
Ser-83  resulting  in  inhibition  of  its  kinase  activity.  Ac¬ 
cordingly,  activated  AKT2  blocked  signaling  down¬ 
stream  of  ASKl,  including  activation  of  JNK  and  p38 
and  the  conversion  of  Bax  to  its  active  conformation. 
Expression  of  nonphosphorylatable  ASK1-S83A  over¬ 
rode  the  AKT2-inhibited  JNK/p38  activity  and  Bax  con¬ 
formational  changes,  whereas  phosphomimic  ASKl- 
S83D  inhibited  the  ejects  of  cisplatin  on  JNK/p38  and 
Bax.  Cisplatin-induced  Bax  conformation  change  was 
inhibited  by  inhibitors  or  dominant  negative  forms  of 
JNK  and  p38.  In  conclusion,  our  data  indicate  that  AKT2 
inhibits  cisplatin-induced  JNK/p38  and  Bax  activation 
through  phosphorylation  of  ASKl  and  thus,  plays  an 
important  role  in  chemoresistance.  Further,  regulation 
of  the  ASKl/JNK/p38/Bax  pathway  by  AKT2  provides  a 
new  mechanism  contributing  to  its  antiapoptotic 
effects. 


Although  cisplatin  and  its  analogues,  the  DNA  cross-linking 
agents,  are  first-line  chemotherapeutic  agents  for  the  treat¬ 
ment  of  human  ovarian  and  breast  cancers,  chemoresistance 
remains  a  major  hurdle  to  successful  therapy  (1,  2).  Several 
molecules  have  been  implicated  in  cisplatin  resistance,  inciud- 
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ing  decreased  cellular  detoxication  ( 3, 4),  increased  DNA  repair 
(5),  and  mutations  of  p53  tumor  suppressor  gene  (6,  7).  How¬ 
ever,  the  mechanisms  involved  in  cisplatin  resistance  are  still 
poorly  understood.  A  growing  body  of  evidence  indicates  that 
defects  in  the  intra-  and  extracellular  survival/apoptotic  path¬ 
ways  are  an  important  cause  of  resistance  to  cytotoxic  agents, 

Phosphatidylinositol  3-kinase  (PI3K)VAkt  is  a  major  cell 
survival  pathway  that  has  been  extensively  studied  recently 
(8).  PI3K  is  a  heterodimer  composed  of  a  p85  regulatory  and  a 
pi  10  cataljrtic  subunit  and  converts  the  plasma  membrane 
lipid  phosphatidylinositol  4-phosphate  and  phosphatidylinosi¬ 
tol  4,5-bisphosphate  to  phosphatidylinositol  3,4,-bisphosphate 
and  phosphatidylinositol  3,4,5-trisphosphate.  Pleckstrin  ho¬ 
mology  domain-containing  proteins,  including  Akt,  accumulate 
at  sites  of  PI3K  activation  by  directly  binding  to  phosphati- 
dyiinositol  3,4,-bisphosphate  and  phosphatidylinositol  3,4,5- 
trisphosphate.  Akt  (also  known  as  PKB)  represents  a  subfamily 
of  serin^threonine  kinases.  Three  member  of  this  family,  in¬ 
cluding  AKTl,  AKT2,  and  AKT3,  have  been  identified  so  far. 
Akt  is  activated  in  a  PT3K-dependent  manner  by  a  variety  of 
stimuli,  including  grovrth  factors,  protein  phosphatase  inhibi¬ 
tors,  and  stress  (9-12).  Downstream  targets  of  Akt  contain  the 
consensus  phosphorylation  sequence  RXRXX(S/T)(F/L)  (13). 
Several  targets  of  Akt  that  have  been  identified  have  roles  in 
the  regulation  of  apoptosis,  such  as  the  proapoptotic  proteins 
BAD  and  caspase-9  and  transcription  factor  FKHRLl.  Phos¬ 
phorylation  by  Akt  blocks  BAD  binding  to  Bc1-Xl,  inhibits 
caspase-9  protease  activity,  and  blocks  FKHRLl  function,  re¬ 
ducing  Fas  ligand  transcription  ( 14  -16). 

Among  Akt  family  members,  AKT2  has  been  shown  to  be 
predominantly  involved  in  human  malignancies  including 
ovarian  cancer.  We  have  demonstrated  previously  amplifica¬ 
tion  of  the  A1^T2  in  a  number  of  human  ovarian  cancer  cell 
lines  and  recently  detected  fi-equently  elevated  protein  and 
kinase  levels  of  AKT2  in  about  a  half  of  primary  ovarian  car¬ 
cinoma  examined  (17, 18),  Moreover,  ectopic  expression  of  wild 
type  of  AKT2  but  not  Aktl  in  NIH  3T3  cells  resulted  in  malig¬ 
nant  transformation  ( 19).  Inhibition  of  PI3K/AKT2  by  fame- 
syltransferase  inhibitor-277  induced  apoptosis  in  ovarian  can¬ 
cer  cells  that  overexpress  AKT2  (20).  We  have  also  shown  that 
TNFtt  and  extracellular  stresses,  including  UV  irradiation, 
heat  shock,  and  hyperosmolarity,  induce  AKT2  kinase  and  that 


^  The  abbreviations  used  are:  PI3K,  phosphatidylinositol  3-kinase; 
ASKl,  apoptosis  signal-regulating  kinase  1;  JNK,  c-Jun  NHo-terminal 
kinase;  PARP,  pol3KADP-ribose)  polymerase;  HA,  hemagglutinin; 
DMEM,  Dulbecco's  modified  Eagle’s  medium;  TNFo,  tumor  necrosis 
factor  «;  GST,  glutathione  S-transferase;  HEK,  human  embiyonic  kid¬ 
ney;  MKK,  mitogen-activated  protein  kinase  kinase. 
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activated  AKT2  inhibits  JNK/p38  activity  to  protect  cells  from 
TNFa  and  cellular  stress^induced  apoptosis  (21). 

JNK  and  p38  are  predominantly  activated  through  environ¬ 
mental  stresses,  including  osmotic  shock,  UV  radiation,  heat 
shock,  oxidative  stress,  protein  synthesis  inhibitors,  stimula¬ 
tion  of  Fas,  and  inflammatory  cytokines  such  as  TNFa  and 
interleukin- 1.  Stimulation  of  JNK/p38  activity  has  also  been 
shown  to  be  critical  for  cisplatin-induced  apoptosis  in  some 
cancer  cells  (22,  23),  Specific  inhibition  of  JNK  or  p38,  through 
small  molecule  inhibitors,  dominant  negative  JNK/p38  mu¬ 
tants,  or  knock-out  of  JNK  expression,  suppresses  various 
types  of  stress-induced  apoptosis  (24).  Although  it  has  been 
shown  that  JNK  phosphorylates  and  inhibits  antiapoptotic  pro¬ 
tein  Bcl-2  (25),  the  mechanism  of  JNK/p38  induction  of  apo¬ 
ptosis  is  still  not  well  understood. 

Apoptosis  signal-regulating  kinase  1  (ASKl)  is  a  member  of 
the  mitogen-activated  protein  kinase  kinase  kinase  family  that 
activates  both  the  SEKl-JNK  and  MKK3/MKK6-p38  signaling 
cascades  (26-28).  ASKl  is  a  general  mediator  of  cell  death  in 
responds  to  a  variety  of  stimuli,  including  oxidative  stress  (29, 
30)  and  chemotherapeutic  drugs  such  as  cisplatin  and  pacli- 
taxel  (22,  23).  Ectopic  expression  of  ASKl  induced  apoptosis  in 
various  cell  types  (26,  28).  Furthermore,  disruption  of  the 
ASKl  gene  in  mice  causes  a  remarkable  reduction  in  sensitiv¬ 
ity  to  stress-induced  cell  death,  such  as  that  promoted  by  TNFa 
or  oxidative  stress  (33).  These  data  indicate  that  ASKl  plays  a 
key  proapoptotic  function  through  promoting  the  sustained 
activation  of  JNK/p38  mitogen-activated  protein  kinases. 

In  the  present  study,  we  show  that  AKT2  activity  promotes 
resistance  to  cisplatin-induced  apoptosis  in  A2780S  ovarian 
cancer  ceils  through  the  inhibition  of  the  ASKl/JNK/p38  path¬ 
way.  In  A2780S  cells,  we  show  that  AKT2  complexes  with  and 
phosphorylates  ASKl  at  Ser-83  within  a  consensus  Akt  phos¬ 
phorylation  site  on  this  molecule.  This  results  in  inhibition  of 
ASKl  activity  and  the  blocking  of  JNK  and  p38  activation.  We 
also  show  that  these  latter  activities  are  required  for  cisplatin- 
induced  apoptosis  in  A2780S  ceils.  Furthermore,  in  response  to 
cisplatin,  we  observe  that  ASKl  and  JNK/p38  promote  Bax  con¬ 
formational  change.  Collectively,  these  studies  indicate  that 
AKT2  may  be  an  important  mediator  of  chemoresistance  through 
its  regulatory  effects  on  the  ASKl/JNl^/p38/Bax  pathway. 

EXPERIMENTAL  PROCEDURES 

Reagents — Cisplatin,  LY294002,  and  anti-Bax  (6A7)  were  obtained 
from  Sigma.  DM  EM  and  fetal  bovine  serum  were  purchased  from  In- 
vitrogen.  Anti -phospho- Akt  (Ser-473),  anti-cleaved  PARP,  anti-phos- 
pho-JNK  (p54/44),  anti-phospho-extracellular  signal-regulated  kinase 
1/2(44/42),  anti-phospho-p38,  anti-phospho-mitogen-activated  protein 
kinase/extracellular  signal-regulated  kinase  kinase  1/2,  and  anti-mito¬ 
gen-activated  protein  kinase/extracellular  signal-regulated  kinase  ki¬ 
nase  1/2  antibodies  were  obtained  from  Cell  Signaling  (Beverly,  MA). 
GST-c-Jun  and  GST-ATF6  were  also  purchased  from  Cell  Signaling. 
Anti-AKT2,  anti-Bax,  and  anti-ASKl  were  obtained  from  Santa  Cruz 
Biotechnology.  JNK  inliibitor  11  and  p38  inhibitor  SB203580  were  from 
Calbiochem. 

Cell  Culture  and  Cisplatin  Treatment — Tl\e  human  epithelial  cancer 
cell  lines,  A2780S  and  A2780CP,  kindly  provided  by  Benjamin  K.  Tsang 
at  The  Ottawa  Hospital,  and  human  embryonic  kidney  (HEK)  293  cells 
were  cultured  at  37  “C  and  5%  COg  in  DMEM  supplemented  with  10% 
fetal  bovine  serum.  The  ceils  were  seeded  in  60-mm  Petn  dishes  at  a 
density  of  0.5  x  10^  cells  per  dish.  After  24  h,  cells  were  treated  with 
cisplatin  (20  pM)  for  the  appropriate  time  as  noted  in  the  figure  legends. 

Expression  Constructs — The  C3dx)megalovirus-based  expression  con¬ 
structs  encoding  wild  type  HA-AKT2  and  constitutively  active  HA-Myr- 
AKT2  have  been  described  previously  (31),  The  pcDNA;,-HA-ASKl  con¬ 
struct  was  kindly  provided  by  Hidenori  Ihijo  at  Tokyo  Medical  and 
Dental  University.  HA-ASK1-S83A  and  ASK1-S83D,  as  well  as  domi¬ 
nant  negative  AKT2  with  triple  mutations  (T309A  E299K.  and  S474A), 
were  created  using  the  QuikChange  site-directed  mutagenesis  kit 
(Stratagene).  JNK  and  p38  plasmids  were  obtained  from  Roger  Davis  at 
the  University  of  Massachusetts. 
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Fig.  1.  Activation  of  AKT2  renders  ceils  resistant  to  cisplatin 
and  inhibits  cisplatin-induced  Bax  conformational  change  and 
caspase-S  cleavage.  A,  cisplatin-sensitive  A2780S  cells  were  stably 
transfected  with  constitutively  active  AKT2  (A2780S-AA2)  or  pcDNA3 
(A2780S-pcDNA3).  Expression  and  kinase  activity  of  transfected  AKT2 
were  examined  by  Western  blot  and  in  vitro  kinase  assays  (inset).  The 
cells  were  treated  with  cisplatin  iCDDP;  20  /llm)  for  indicated  time  and 
analyzed  by  Tunel  assay.  Apoptotic  cells  were  quantified  in  triple  ex¬ 
periments.  B,  Western  blot  analysis.  The  cells  were  treated  with  cispla¬ 
tin  and  lysed.  A  portion  of  lysate  was  immunoprecipitated  with  anti¬ 
active  Bax  (6A7)  and  detected  with  anti-total  Bax  antibody  (top  panel). 
The  rest  of  the  lysates  were  immunoblotted  and  probed  with  anti- 
caspase-S  (second  and  third  panels)^  anti-PARP  (fourth  panel),  and 
anti-actin  (bottom  panel)  antibodies. 


Immunoprecipitation  and  Immunoblotting — Cells  were  lysed  in  a 
buffer  containing  20  mM  Tris-HCl  (pH  7.5),  137  him  NaCl,  15%'  (v/v) 
glycerol,  1%  Nonidet  P-40, 2  mM  phenylmethylsulfonyl  fiuoride,  2  pg/m\ 
aprotinin  and  leupeptin,  2  mM  benzamidine,  20  mM  NaF,  10  mM  NaPPi, 
1  mM  sodium  vanadate,  and  25  mM  3-glycerolphosphate.  Lysates  were 
centrifuged  at  12,000  x  g  for  15  min  at  4  “C  prior  to  immunoprecipita¬ 
tion  or  We.stem  blot.  Aliquots  of  the  cell  lysates  were  analyzed  for 
protein  expression  and  enzyme  activity.  For  immunoprecipitation,  ly¬ 
sates  were  precleared  with  protein  A-protein  G  (2:l)-agarose  beads  at 
4  for  20  min.  Following  the  removal  of  the  beads  by  centrifugation, 
lysates  were  incubated  with  appropriate  antibodies  in  the  presence  of 
25  pi  of  protein  A-protein  G  (2.T)-agarose  beads  for  at  least  2  h  at  4  “C. 
The  beads  were  washed  with  buffer  containing  50  mM  Tris-HCl  (pH 
7.5),  0.5  M  LiCl,  and  0.5%  Triton  X-10;  twice  with  phosphate-buffered 
saline:  and  once  with  buffer  containing  10  mM  Tris-HCl  (pH  7.5),  10  mM 
MgClg,  10  mM  MnClg,  and  1  mM  dithiothreitol.  all  supplemented  with  20 
mM  /3-glycerolphosphate  and  0.1  mM  sodium  vanadate.  The  immuno- 
precipitates  were  subjected  to  in  vitro  kinase  assay  or  Western  blotting 
analysis.  Protein  expression  was  determined  by  probing  Western  blots 
of  immunoprecipitates  or  total  cell  lysates  with  the  appropriate  anti¬ 
bodies  as  noted  in  the  figure  legends.  Detection  of  antigen-bound  anti¬ 
body  was  carried  out  with  the  ECL  Western  blotting  analysis  system 
(Amersham  Biosciences). 

In  Vitro  Kinase  Assay — Protein  kinase  assays  were  performed  as 
described  previously  (21).  Briefly,  reactions  were  carried  out  in  the 
presence  of  10  pCi  of  ly-^^PjATP  (PerkinElmer  Life  Sciences)  and  3  nxM 
cold  ATP  in  30  p]  of  buffer  containing  20  mM  Hepes  (pH  7.4),  10  mM 
MgClg,  10  mM  MnClg,  and  1  mM  dithiothreitol.  2  pg  of  myelin  basic 
protein  was  used  as  the  exogenous  substrate.  After  incubation  at  room 
temperature  for  30  min  the  reaction  was  stopped  by  adding  protein 
loading  buffer,  and  proteins  were  separated  on  SDS-PAGE  gels.  Each 


23434 


AKT2  Inhibits  ASKl/JNK/p38/Bax  by  Phosphorylation  ofASKl 


A 


A2780S-pcDNA3  A27S0S-AA2 


FiCx.  2.  AKT2  inhibits  JNK  and  p38 
activation  induced  by  cisplatin  and 
ASKl.  A,  immunoblotting  analysis.  Fol¬ 
lowing  treatment  with  cisplatin  at  indi¬ 
cated  times,  the  cells  were  lysed  and  im- 
munoblotted.  The  blots  were  detected 
with  indicated  antibodies.  B  and  C,  in 
vitro  kinase  assay.  HEK293  cells  were 
transfected  with  the  indicated  expression 
plasmids.  After  36  h  of  transfection,  cells 
were  lysed  and  immunoprecipitated  with 
anti-FLAG  antibody.  The  FLAG-JNK  and 
FLAG-p38  immunoprecipitates  were  sub¬ 
jected  to  in  vitro  kinase  using  GST-c-Jun 
(B)  and  GST-ATF2  (C)  as  substrate,  re¬ 
spectively  (top  panel).  Expression  of  the 
transfected  plasmids  was  shown  in  the 
second,  third,  and  fourth  panels. 
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experiment  was  repeated  three  times,  and  the  relative  amounts  of 
incorporated  radioactivity  were  determined  by  autoradiography  and 
quantified  with  a  Phosphorlmager  (Molecular  Dynamics). 

In  Vivo  Labeling — HEK293  cells  were  co-transfected  with 

active  AKT2  and  HA-tagged  ASKl  or  pcDNA3  and  labeled  with  mP., 
(0.5  mCi/ml)  in  phosphate-  and  serum-free  DMEM  medium  for  4  h.  Cell 
lysates  were  subjected  to  immunoprecipitation  with  anti-HA  antibody. 
The  immunoprecipitates  were  separated  by  7.5%  SDS-PAGE  and  trans¬ 
ferred  to  membranes.  Phosphoiylated  ASKl  band  was  visualized  by 
autoradiography.  The  expression  of  transfected  ASKl  was  detected 
with  anti-HA  antibody. 

Luciferase  Reporter  Assay — Cells  were  seeded  in  6-well  plate  and 
transfected  with  c-Jun  or  ATF6  reporter  plasmid  (pGI-GAL4),  pSV2-/3- 
gal,  and  different  forms  (wild  type,  constitutively  active,  or  dominant 
negative)  of  HA-AKT2  together  with  or  without  different  forms  of  ASKl 
or  vector  alone.  After  36  h  of  the  transfection,  luciferase  and  p-galac- 
tosidase  assays  were  performed  according  to  the  manufacturer’s  proce¬ 
dures  (Promega  and  Tropix,  respectively).  Each  experiment  was  re¬ 
peated  three  times. 

Tunel  Assay — Cells  were  seeded  into  60-mm  dishes  and  grown  in 
DMEM  supplemented  with  10%  fetal  bovine  serum  for  24  h  and  treated 
with  20  fiM  cisplatin  for  different  times.  Apoptosis  was  determined  by 
Timel  assay  using  an  in  situ  cell  death  detection  kit  (Roche  Applied 
Science).  These  experiments  were  performed  in  triplicate. 

RESULTS 

Activation  of  AKT2  Renders  Cisplatin-sensitive  Cells  Resist¬ 
ant  to  Cisplatin  and  Inhibits  Cisplatin-induced  Bax  Conforma¬ 
tional  Change — We  have  shown  previously  (18,  34)  frequent 
activation  of  AKT2  kinase  in  human  ovarian  and  breast  can¬ 
cers.  To  examine  whether  activation  of  AKT2  contributes  to 


chemoresistance  in  cancer  cells,  cisplatin-sensitive  A2780S 
cells  were  stably  transfected  with  constitutively  active  AKT2 
(A2780S-AA2)  or  pcDNA3  vector  alone.  Expression  and  kinase 
activity  of  transfected  constitutively  active  AKT2  were  con¬ 
firmed  by  Western  blot  and  in  vitro  kinase  analysis  (Fig.  L4. 
inset).  Following  treatment  with  cisplatin  (20  pM)  for  0, 1,  3,  6, 
12,  and  24  h,  programmed  cell  death  in  A2780S-pcDNA3  and 
A2780S-AA2  (active  AKT2)  cells  were  examined  by  Tunel  as¬ 
say.  The  number  of  apoptotic  cells  was  quantified  by  cmmting 
three  different  microscopic  fields.  Three  h  after  treatment, 
A2780S-pcDNA3  cells  begun  to  undergo  apoptosis.  By  24  h  of 
treatment,  35%  of  the  cells  were  apoptotic,  which  is  a  similar 
response  reported  in  the  literature  for  parental  A2780S  cells 
(35).  However,  we  observed  a  distinctly  lower  percentage  of 
apoptotic  cells  at  the  time  points  3,  6,  12,  and  24  h  in  A2780S- 
AA2  cells  (Fig.  lA),  indicating  that  activation  of  AKT2  renders 
cisplatin-sensitive  Al2780S  cells  resistant  to  cisplatin. 

It  has  been  shown  that  Bax  is  required  for  cisplatin-induced 
apoptosis,  i.e.  cisplatin  activates  Bax  by  inducing  its  N-termi- 
nal  conformation  change  and  then  targeting  it  to  mitochondria 
resulting  in  cytochrome  c  release  and  activation  of  apoptotic 
pathway  (36,  37).  Thus,  we  next  examined  the  effects  of  AKT2 
activation  on  induction  of  Bax  conformational  changes  by  cis¬ 
platin.  After  treatment  with  cisplatin,  A2780S-pcDNA3  and 
A2780S-AA2  cells  were  lysed  and  immunoprecipitated  with 
anti-active  Bax  (6A7)  antibody.  The  inmnmoprecipitates  were 
subjected  to  Western  blot  analysis  with  total  anti-Bax  anti- 
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body.  As  shown  in  Fig.  LB,  cisplatin  promotes  alteration  of  Bax 
conformation  after  3  h  of  treatment  in  A2780S-pcDNA3  cells 
but  not  in  A2780S>AA2  cells.  Accordingly,  cleavage  of  caspase 
3  and  its  substrate,  PARP,  was  also  inhibited  by  expression 
of  constitutively  active  AKT2  as  compared  with  pcDNA3- 
transfected  A2780S  cells  (Fig.  IB). 

AKT2  Inhibits  Cisplatin-  and  ASKl-induced  JNK  and  p38 
Activation — It  has  been  documented  that  stress  kinases,  JNK 
and  p38,  are  activated  by  cisplatin,  and  their  activations  are 
required  for  cisplatin-induced  programmed  cell  death  (22,  23, 
38).  To  examine  whether  the  effect  of  cisplatin  on  JNK  and  p38 
is  abrogated  by  the  activation  of  AKT2,  A2780S-pcDNA3  and 
A2780S-AA2  cells  were  treated  with  cisplatin  at  different 
times.  As  expected,  JNK  and  p38  were  activated  by  cisplatin  in 
A2780S-pcDNA3  cells,  and  the  activation  of  p38  took  place 
before  that  of  JNK.  However,  the  activation  of  JNK  and  p38 
was  reduced  dramatically  in  A2780S  cells  transfected  with  a 
constitutively  active  AKT2.  No  significant  difference  in  the 
phosphorylation  levels  of  extracellular  signal-regulated  kinase 
was  observed  between  these  two  cell  lines  (Fig.  2A). 

To  explore  the  mechanism  of  AKT2  inhibition  of  the  JNK  and 
p38,  we  probed  for  direct  interaction  of  these  proteins  by  coim- 
munoprecipitation.  We  were  not,  however,  able  to  demonstrate 
any  interaction  between  AKT2  and  JNK  or  p38  (data  not 
shown).  As  ASKl  is  knovm  to  activate  JNK/p38  and  be  induced 
by  cisplatin  (32),  and  its  overexpression  is  sufficient  to  induce 
apoptosis  (26,  28),  we  next  examined  whether  AKT2  restrains 
JNK  and  p38  activity  through  inhibition  of  ASKl.  HEK293 
cells  were  transfected  with  FLACl-JNKl  or  FLA(jr-p38  and  wild 
type  or  kinase-dead  ASKl  (KM-ASKl),  with  or  without  consti¬ 
tutively  active  AKT2.  After  36  h  of  transfection,  cells  were 
lysed  and  immimoprecipitated  with  anti-FLAG  antibody. 
FLAG-JNKl  and  FLAG-p38  immunoprecipitates  were  sub¬ 
jected  to  in  vitro  kinase  assays  using  GST-c-Jun  and  GST- 
ATF2  as  substrates,  respectively.  Repeated  experiments  re¬ 
vealed  that  kinase  activities  of  JNKl  and  p38  were 
significantly  induced  by  expression  of  wild  type  but  not  kinase- 
dead  ASKl  and  that  the  activation  of  JNK  and  p38  was  atten¬ 
uated  by  ectopic  expression  of  constitutively  active  AKT2  (Fig. 
2,  B  and  C).  These  data  indicate  that  AKT2  may  negatively 
regulate  ASKl,  causing  inhibition  of  cisplatin-induced  JNK/ 
p38  activation  and  apoptosis. 

AKT2  Interacts  with,  Phosphorylates,  and  Inhibits 
ASKl — ^To  examine  whether  ASKl  is  a  direct  target  of  AKT2, 
co-immunoprecipitation  was  carried  out  with  anti-AKT2  anti¬ 
body  and  detected  with  anti-ASKl  antibody,  and  vice  versa.  As 
shown  in  Fig.  3,  A  and  B,  interaction  between  ASKl  and  AKT2 
was  readily  detected,  and  this  interaction  was  enhanced  by 
cisplatin  treatment.  Sequence  analysis  revealed  that  an  AKT2 
phosphorylation  consensus  site  resides  in  ASKl  at  residue 
Ser-83,  which  is  conserved  between  human  and  mouse.  To 
determine  whether  AKT2  phosphorylates  ASKl,  in  vitro  AKT2 
kinase  assays  were  performed  using  immunoprecipitated  HA- 
ASKl  (wild  type  ASKl  or  ASK1S83A)  as  substrates  (Fig.  30. 
In  addition,  in  vivo  labeling  and  immunoblotting  analyses 
with  anti-phospho-Ser/Thr  Akt  substrate  antibody  were  cur¬ 
ried  out  in  HEK293  cells  transfected  with  ASKl  and  constitu¬ 
tively  active  or  wild  type  AKT2  (Fig,  SD).  Both  in  vitro  kinase 
and  in  vivo  labeling  experiments,  as  well  as  Western  blot 
analysis,  showed  that  wild  t3q)e  and  constitutively  active  AKT2 
phosphorylate  ASKl  at  Ser-83  with  the  lower  phosphorylation 
level  by  wild  type  AKT2  (Fig.  3,  C  and  D). 

We  next  determined  whether  cisplatin-induced  ASKl  activa¬ 
tion  is  inhibited  by  AKT2  and,  if  it  is,  whether  this  inhibition 
depends  upon  AKT2  phosphorylation  of  ASKl  at  Ser-83.  Mu¬ 
tagenesis  was  used  to  create  a  form  of  ASKl  not  phosphorylat- 
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Fig.  3.  AKT2  interacts  with  and  phosphorylates  ASKl  and  in¬ 
hibits  ASKl  kinase  activity.  A  and  B,  Western  blot  analyses  of  the 
immunoprecipitates  prepared  from  A2780S  cells  treated  with  or  with¬ 
out  cisplatin.  Immunoprecipitation  was  performed  with  anti-AKT2  and 
detected  with  anti-ASKl  antibody  (A)  and  vice  versa  (B).  C,  in  vitro 
kinase  analysis  of  AKT2  immunoprecipitates  derived  from  HEK293 
cells  that  were  transfected  with  indicated  plasmids.  Immunopurified 
HA-ASKl  or  HA-ASK1-S83A  was  used  as  substrate  (top  panel).  The 
bottom  panel  shows  expression  of  transfected  plasmids.  B,  in  vivo 
[■*^P]Pj  labeling.  HEK293  cells  were  transfected  with  indicated  expres¬ 
sion  constructs,  labeled  with  r‘^P]Pi  fO.5  mCi/ml),  and  immunoprecipi¬ 
tated  with  anti-HA  antibody.  Tlie  HA-ASKl  immunoprecipitates  were 
separated  in  SDS-PAGE,  blotted,  and  exposed  to  x-ray  film  (top  panel). 
The  membrane  was  then  detected  with  anti-Akt  substrate  antibody 
(middle  panel)  and  anti-HA  antibody  (bottom  panel).  E,  in  vitro  ASKl 
kinase  analysis  of  the  immunoprecipitates  prepared  from  A2780S  cells 
transfected  with  indicated  plasmids  and  treated  with  cisplatin  (20  /xM) 
for  6  h.  Myelin  basic  protein  was  used  as  substrate  (top  panel).  Expres¬ 
sion  of  transfected  different  forms  ofASKl  and  AKT2  was  shown  in  the 
second  and  third  panels. 


able  by  AKT2,  ASK1-S83A,  prepared  by  converting  Ser-83  of 
ASKl  to  alanine.  We  also  prepared  ASK1-S83D,  derived  from 
mutating  Ser-83  of  ASKl  to  aspartic  acid,  which  mimics  ASKl 
phosphorylated  by  AKT2.  A2780S  cells  were  transfected  with 
ASK1-S83A  or  ASK1-S83D,  with  or  without  constitutively  ac¬ 
tive  AKT2.  Following  cisplatin  treatment,  ASKls  were  immu¬ 
noprecipitated,  and  in  vitro  ASKl  kinase  assays  were  per¬ 
formed  using  myelin  basic  protein  as  substrate.  As  shown  in 
Fig.  3B,  cisplatin  significantly  induced  the  kinase  activity  of 
both  wild  t5rpe  ASKl  and  nonphosphorylatable  ASK1-S83A  but 
not  AKT2  phosphomimic  ASK1-S83D.  Expression  of  constitu¬ 
tively  active  AKT2  inhibited  cisplatin-stimulated  kinase  activ¬ 
ity  of  wild  type  ASKl  but  not  that  of  nonphosphorylatable 
ASK1-S83A.  These  results  indicate  that  ASKl  kinase  activity 
is  negatively  regulated  by  AKT2  through  phosphorylation  of 
ASKl  at  Ser-83. 
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Fig.  4.  Activation  of  AKT2  inhibits 
ASKl-  and/or  cisplatin-induced  JNK 
and  p38  activation.  A-D,  luciferase  re¬ 
porter  assays.  A2780S  cells  were  trans¬ 
fected  with  indicated  expression  con¬ 
structs  and  treated  with  or  without 
cisplatin.  Luciferase  and  /3-galactosidase 
assays  were  performed,  and  the  reporter 
activity  was  normalized  by  dividing  lucif¬ 
erase  activity  with  3-gal  actosidase.  Each 
experiment  was  repeated  three  times. 
The  bottom  panels  of  A  and  B  show  the 
results  obtained  from  in  vitro  JNK  and 
p38  kinase  assays  using  GST-c-Jun  and 
ATF2  as  substrates,  respectively.  The  ef¬ 
fects  of'  AKT2  and  its  phosphorylation  of 
ASKl  at  Ser-83  on  JNK  and  p38  activa¬ 
tion  were  shown  in  the  bottom  panels  of 
C  and  D. 
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AKT2  Inhibition  of  Cisplatin^stimulated  JNK  and  p38  Is 
Mediated  by  Phosphorylation  of  ASKl  at  Residue  Ser-83 — We 
next  determined  whether  phosphorylation  of  ASKl  on  Ser-83 
by  AKT2  is  required  for  AKT2  inhibition  of  p38  and  JNK,  which 
are  downstream  from  ASKl.  Luciferase  reporter  assays  were 
performed  using  Gal4-c-Jun/pTR-Luc  (for  JNK)  and  Gal4- 
ATF6/pTR-Luc  (for  p38)  reporter  systems.  A2780S  cells  were 
transfected  with  ASKl,  ASK1-S83A,  ASK1-S83D,  and/or  Myr- 
AKT2,  as  well  as  pTR-Luc.  Gal4-c-Jim,  or  Gal4-ATF6,  and 
treated  with  or  without  cisplatin.  Three  independent  experi¬ 
ments  revealed  that  cisplatin  induces  Gal4-c-Jun  or  Gal4-ATF- 
regulated  reporter  activities.  Further,  in  vitro  JNK  and  p38 
kinase  analysis  revealed  that  the  phosphorylation  of  c-Jun  and 
ATF2  was  also  stimulated  by  cisplatin  treatment.  These  effects 
were  enhanced  by  ectopic  expression  of  wild  type  ASKl;  how¬ 
ever,  they  were  inhibited  by  expression  of  constitutively  active 
AKT2  (Fig.  4,  A  and  B).  Expression  of  nonphosphorylatable 
ASK1-S83A  was  also  sufficient  to  induce  the  reporter  activities 
and  to  attenuate  the  inhibitory  action  of  constitutively  active 
AKT2.  In  contrast,  phosphomimic  ASK1-S83D  failed  to  stimu¬ 
late  the  reporter  activities  (Fig.  4,  C  and  D),  Moreover,  the 
effects  of  ASK1-S83A  and  ASK1-S83D  on  cisplatin-induced 
JNK  and  p38  activation  were  similar  to  their  action  on  Gal4- 
c-Jun  and  Gal4-ATF6  reporters  (Fig.  5A).  Therefore,  we  con¬ 
clude  that  AKT2  inhibits  cisplatin-induced  JNK  and  p38  via  a 
phosphoiylation  of  ASKl-dependent  manner. 

Cisplatin-induced  Bax  Conformational  Change  Is  Regulated 
by  AKT2  Phosphorylation  of  ASKl — Previous  studies  have 
shown  that  JNK  is  required  for  UV-  and  cisplatin-induced  Bax 
conformational  change  (39).  Our  data  demonstrate  that  ectopic 
expression  of  constitutively  active  AKT2  overrides  cisplatin- 
induced  ASKl/JNK/p38  activation  and  prevents  formation  of 
the  active  Bax  conformation  (see  Figs.  1  and  2).  To  more  di¬ 
rectly  probe  the  effect  of  AKT2  phosphorylation  of  ASKl  on  Bax 
activation,  we  transfected  A2780S  cells  with  nonphosphorylat- 
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Fig.  5.  AKT2  phosphorylation  of  ASKl  at  Ser-83  plays  a  critical 
role  in  cisplatin-induced  JNK/p38  activation  and  Bax  conforma¬ 
tional  change.  A,  immunoblotting  analysis  of  A2780S  cells  transfected 
with  nonphosphorylatable  and  phosphomimic  ASKl  prior  to  treatment 
'wdth  cisplatin.  Tlie  blots  were  probed  with  the  indicated  antibodies.  B, 
Western  blot  analysis.  A2780S  cells  were  transfected  with  indicated 
expression  plasmids,  treated  with  cisplatin,  immunoprecipitated  wdth 
anti-active  Bax  antibody,  and  detected  with  anti-total  Bax  antibody  {top 
panel).  Expression  of  Bax  was  shown  in  the  bottom  panel. 

able  and  phosphomimic  ASKl  and  treated  the  cells  with  or 
without  cisplatin.  As  revealed  by  immunoprecipitation  and 
Western  blot  analyses,  ectopic  expression  of  nonphosphoryl¬ 
atable  ASK1-S83A  enhance  cisplatin-dependent  Bax  confor¬ 
mational  change,  whereas  ASK1-S83D,  mimicking  ASKl 
phosphorylated  by  AKT2,  inhibited  cisplatin-induced  Bax 
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activation  (Fig.  5B  versus  Fig,  Lfi).  These  data  suggest  that 
AKT2  inhibition  of  cisplatin-stimulated  Bax  conformational 
change  is  mediated  at  least  to  some  extent  by  AKT2  phospho¬ 
rylation  of  ASKl  at  residue  Ser-83- 
Because  JNK  and  p38  are  downstream  targets  of  ASKl,  we 
next  examined  their  roles  in  ASKl -stimulated  Bax  activation 
by  using  selective  small  molecule  inhibitors  of  JNK  and  p38, 
JNK  inhibitor  II  and  SB  203680.  As  illustrated  in  Fig  6A, 
expression  of  ASKl  was  sufficient  to  induce  a  Bax  conforma¬ 
tional  change,  and  this  effect  was  enhanced  by  cisplatin  treat¬ 
ment.  However,  the  conformational  change  of  Bax  induced  by 
ASKl  and/or  cisplatin  was  significantly  diminished  following 
treatment  of  cells  with  JNK  inhibitor  II  (10  /xm)  and  p38  inhib¬ 
itor,  SB  203580  (10  pM),  suggesting  that  JNK  and/or  p38  me¬ 
diate  cisplatin-induced  Bax  activation.  To  probe  the  individual 
contributions  of  JNK  and  p38  in  cisplatin-stimulated  Bax  ac¬ 
tivation,  we  further  examined  the  effects  of  small  molecule 
inhibitors  of  p38  and  JNK  and  the  expression  of  wild  type  and 
dominant  negative  forms  of  these  kinases.  A2780S  cells  were 
transfected  with  wild  type  or  dominant  negative  JNK  or  p38, 
together  with  ASKl,  and  treated  with  or  without  cisplatin 
and/or  inhibitor  of  JNK  or  p38.  As  shown  in  Fig.  6,  B  and  C, 
expression  of  wild  type  JNK  or  p38  enhanced  ASKl-  and  cis¬ 
platin-induced  Bax  activation,  as  expected.  Furthermore,  dom¬ 
inant  negative  JNK  or  a  small  molecule  JNK  inhibitor  signif¬ 
icantly  decreased  the  Bax  activation  induced  by  cisplatin 
treatment  or  ectopic  expression  ofASKl  (Fig.  65).  We  observed 
that  only  slight  inhibition  of  the  Bax  activation  was  in  the  cells 
expressing  dominant  negative  p38  or  treated  with  p38  inhibitor 
(Fig,  60,  These  results  indicate  that  cisplatin-  and/or  ASKl- 
induced  Bax  activation  is  mediated  primarily  by  JNK. 

Inhibition  ofPI3KJAKT2  Pathway  Sensitizes  Cells  to  Cispla- 
tin^induced  Apoptosis — Because  activated  AKT2  reduces  the 
cisplatin  sensitivity  of  A2780S  cells,  we  next  examined  the 
ability  of  inhibition  of  the  PI3K/AKT2  pathway  to  sensitize 
cells  to  cisplatin-induced  apoptosis.  Cisplatin-resistant 
A2780CP  and  A2780S  cells  were  transfected  with  dominant 
negative  AKT2  or  treated  with  PI3K  inhibitor.  LY294002,  to¬ 
gether  with  cisplatin.  Tunel  assay  analyses  revealed  that  ei¬ 
ther  LY294002  or  ectopic  expression  of  dominant  negative 
AKT2  enhanced  cisplatin-induced  apoptosis  as  compared  with 
cells  treated  with  cisplatin  alone  (Fig.  7,  A  and  C).  Accordingly, 
cleavage  of  caspase-3  and  PARP  was  increased  by  treatment  of 
cells  with  a  combination  of  cisplatin  with  LY294002  or  domi¬ 
nant  negative-AKT2  (Fig.  7,  B  and  Dl  To  examine  the  role 
played  by  AKT2  phosphorylation  of  ASKl  in  cisplatin-induced 
apoptosis,  we  transfected  A2780S  cells  with  ASK1-S83A,  which 
is  not  phosphorylated  by  AKT2,  ASK1-S83D,  which  mimics 
AKT2  phosphorylation,  and  then  induced  apoptosis  with  cis¬ 
platin.  Notably,  ectopic  expression  of  ASK1-S83A  significantly 
augmented  cisplatin-induced  apoptosis.  In  contrast,  expression 
of  ASK1-S83D  conferred  resistance  to  cisplatin  (Fig.  7E).  These 
data  further  indicate  that  PI3K/AKT2  promotes  cell  survival 
through  phosphorylation  and  inhibition  ofASKl  signaling. 

DISCUSSION 

We  have  demonstrated  previously  (18,  34)  that  AKT2  ki¬ 
nase  is  frequently  elevated  in  human  ovarian  and  breast 
cancers  and  that  AKT2,  like  Aktl,  exerts  its  anti-apoptotic 
function  through  phosphorylation  of  Bad  (20).  However,  the 
biological  role  of  AKT2  activation  in  human  cancer  and  the 
mechanism  of  AKT2-induced  cell  survival  in  a  chemothera¬ 
peutic  setting  have  not  been  well  documented.  In  this  study, 
we  show  that  activation  of  AKT2  significantly  increases  the 
resistance  of  ovarian  cancer  cells  to  cisplatin.  AKT2  protects 
cells  from  cisplatin-induced  apoptosis  by  inhibiting  cisplatin- 
induced  JNK/p38  activation  and  Bax  conformational  change. 
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Fig.  6.  JNK  and  p38  mediate  cisplatin-  and  ASKl -induced  Bax 
conformational  change.  A.  Western  blot  analysis.  A2780S  cells  were 
transfected  with  ASKl  and  treated  with  JNK  inhibitor  II  (10  /iM)  and 
SB  203580  (10  (jlm)  for  1  h  prior  to  addition  of  cisplatin.  Following  16  h 
of  the  further  treatment,  Bax  conformational  change  was  examined  as 
described  above.  B  and  C,  immunoblotting  analyses,  A2780S  cells  were 
transfected  wdth  indicated  plasmids  and  treated  with  indicated  re¬ 
agents.  Bax  conformational  change  was  evaluated  as  described  above. 
Both  JNK  inhibitor  and  dominant  negative  JNK  exhibited  more  signif¬ 
icant  inhibitory  effects  on  Bax  activation  than  did  p38  inhibitor  and 
dominant  negative  p38  (AF).  All  the  experiment  was  repeated  three 
times. 


AKT2  mediates  these  effects  through  its  interaction  and 
phosphorylation  of  ASKl. 

Cisplatin-induced  JNK  and  p38  activations  are  required  for 
its  anti-tumor  activity  (22,  23).  This  activation  has  been  shown 
to  correlate  with  induction  of  apoptosis  by  cisplatin  (22,  23). 
Moreover,  studies  using  dominant  negative  mutants  of  JNK 
and  p38  and  specific  pharmacological  inhibitors  have  shown 
that  activation  of  JNK  and/or  p38  is  necessary  for  stress  or 
chemotherapeutic  drug-induced  apoptosis  (38,  40).  Also,  stud¬ 
ies  on  fibroblasts  with  targeted  disruptions  of  all  the  functional 
Jnk  genes  established  an  essential  role  for  JNK  in  UV-  and 
other  stress-induced  apoptosis  (41).  ASKl,  an  upstream  regu¬ 
lator  of  JNK/p38,  has  also  been  shown  to  be  induced  by  cispla¬ 
tin  (32).  Furthermore,  oxidative  stress-induced  ASKl  kinase 
activity  is  inhibited  by  Aktl  (42).  Consistent  with  this,  we 
demonstrate  that  activation  of  AKT2  inhibits  cisplatin-induced 
JNK  and  p38  through  direct  interaction  with  and  phosphoryl¬ 
ation  of  ASKl  at  serine  83.  We  also  demonstrate  that  phospho¬ 
rylation  of  ASKl  by  AICr2  renders  cells  resistant  to  cisplatin. 
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Fig.  7.  Inhibitions  of  PI3K/AKT2  and  ASKl  phosphorylation  sensitize  cells  to  cisplatin-induced  apoptosis.  A,  Tunel  assay.  A2780S 
cells  were  transfected  with  dominant  negative  AKT2  or  pcDNAS  vector  and  treated  with  cisplatin  or  cisplatin/LY294002.  Apoptosis  was  examined 
and  quantified  after  treatment  for  the  indicated  times.  B,  immunoblotting  analysis  of  cell  lysates  prepared  from  cells  treated  as  A.  The  blots  were 
probed  with  indicated  antibodies.  C  and  D,  cisplatin-resistant  A2780CP  cells  transfected,  treated,  and  analyzed  as  described  in  A  and  B  except 
IjY294002  treatment.  E.  Tunel  assay,  A2780S  cells  were  transfected  with  indicated  plasmids  and  treated  with  cisplatin.  All  the  experiments  were 
performed  in  triplicate. 
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Fig.  8.  Schematic  illustration  of  AKT2  regulation  of  ASKl/ 
JNK/p38  and  Bax. 

Besides  the  direct  inhibition  of  ASKl,  AKT2  could  regulate 
JNK  and  p38  through  other  mechanisms.  For  example,  NFkB- 
induced  X  chromosome-linked  inhibitor  of  apoptosis  and 
GADD45j3  down-regulate  TNFa-induced  JNK  signaling  (43, 
44).  We  have  demonstrated  previously  (21)  that  AKT2  inhibits 
UV-  and  TNFo-induced  JNK  and  p38  by  activation  of  the  NFkB 
pathway  (21).  Therefore,  we  examined  the  possibility  of  AKT2 
up-regulation  of  X  chromosome-linked  inhibitor  of  apoptosis 
and  GADD45j3.  Western  and  Northern  blot  analyses,  however, 
revealed  no  difference  in  X  chromosome-linked  inhibitor  of 
apoptosis  and  GADD45^  expression  in  A2780S  cells  trans¬ 
fected  with  constitutively  active  AKT2  or  the  control  plasmid, 
pcDNAS  (data  not  shown).  The  possible  reason  is  that  cisplatin, 
unlike  UV  and  TNF«,  is  incapable  of  inducing  the  NFkB  path¬ 
way  in  A278S  cells.  In  fact,  our  reporter  assay  revealed  that 
cisplatin  inhibits  rather  than  activates  NFkB  activity  in 
A2780S  cells  (data  not  shown). 

In  the  present  study,  we  observed  that  the  ability  of  AKT2  to 
inhibit  cisplatin-induced  JNK/p38  was  attenuated  by  nonphos- 
phorylatable  ASK1-S83A.  Expression  of  phosphomimic  ASKl- 
S83D  alone  was  sufficient  to  inhibit  JNK/p38  activation  (Fig. 
4).  In  addition,  ASK1-S83D  exhibited  effects  similar  to  that  of 
constitutively  active  AKT2,  i.e.  rendered  cells  resistant  to  cis¬ 
platin,  whereas  ASK1-S83A  sensitized  cells  to  cisplatin-in¬ 
duced  apoptosis  (Fig.  IE).  Thus,  we  conclude  that  AKT2  inhi¬ 
bition  of  cisplatin-stimulated  JNK/p38  activation  leading  to 
cisplatin  resistance  is  mediated  by  AKT2  phosphorylation/in¬ 
hibition  of  ASKl. 

It  has  been  demonstrated  that  cisplatin-induced  Bax  confor¬ 
mational  change  is  also  important  for  cisplatin-stimulated  apo¬ 
ptosis  (45).  Bax  is  a  pro-apoptotic  member  of  the  Bcl2  family. 
Accumulated  evidence  shows  that  death  signals,  including  cis¬ 
platin,  induce  a  conformational  change  of  Bax,  leading  to  its 
mitochondrial  translocation,  oligomerization  or  cluster  forma¬ 
tion,  and  cjtochrome  c  release  (46, 47).  Recent  studies  from  Bax 
and/or  Bak  knock-out  ceils  have  shown  that  BH3-only  proteins, 
such  as  tBid,  Bad,  Puma,  and  Bim,  are  required  for  inducing 
the  activation  of  Bax  and  Bak  by  their  direct  interaction  (48). 
Moreover,  Akt  has  been  shown  to  effectively  inhibit  Bax  con¬ 
formational  change  and  contribute  to  chemoresistance  (49). 


However,  the  mechanism  by  which  Akt  blocks  Bax  activation  is 
poorly  documented.  We  demonstrate  in  this  report  that  ASKl 
mediates  at  least  in  part  cisplatin-induced  Bax  conformational 
change.  Ectopic  expression  of  constitutively  active  AKT2  atten¬ 
uates  cisplatin-induced  Bax  activation  by  phosphorylation  and 
inhibition  of  ASKl.  Downstream  targets  of  ASKl,  JNK,  and 
p38,  especially  JNK,  mediate  AKT2  inhibition  of  Bax  confor¬ 
mational  change.  These  results  are  consistent  with  the  recent 
findings  obtained  from  a  Jn^-deficient  cell  model  (39). 

Accumulated  evidence  shows  that  AKT2  plays  a  more  signif¬ 
icant  role  in  human  oncogenesis  than  AKTl  and  AKT3.  Fre¬ 
quent  alterations  of  AKT2,  but  not  AKTl  and  AKT3,  were 
detected  in  human  cancers  ( 18).  Further,  ectopic  expression  of 
AKT2,  .but  not  AKTl  and  AKT3,  leads  to  increased  invasion 
and  metastasis  of  human  breast  and  ovarian  cancer  cells  (50) 
and  to  malignant  transformation  of  mouse  fibroblasts  ( 19).  We 
observed  in  this  study  that  A2780S  cells  expressing  constitu¬ 
tively  active  AlCr2  became  cisplatin-resistant  whereas  expres¬ 
sion  of  dominant  negative  AKT2  or  treatment  with  PI3K  in¬ 
hibitor  sensitized  both  cisplatin-sensitive  (A2780S)  and 
-resistant  (A2780CP)  ovarian  cancer  cells  to  cisplatin-induced 
apoptosis.  Moreover,  cisplatin-induced  programmed  cell  death 
was  enhanced  by  the  expression  of  AKT2  nonphosphorylatable 
ASK1-S83A,  whereas  it  is  inhibited  by  phosphomimic  ASKl- 
S83D.  These  data,  therefore,  indicate  that  activation  of  AKT2 
contributes  to  cisplatin  resistance  by  regulation  of  the  ASKl/ 
JNK/p38/Bax  pathway  and  that  the  PI3K/AKT2/ASK1  cascade 
could  be  a  critical  therapeutic  target  for  human  cancer  (Fig.  8). 

A  recent  report  (51)  demonstrates  that  JNK  and  p38  phos- 
phorylate  BH3-only  proapoptotic  proteins  Bim  and  Bmf,  which 
was  thought  to  mediate  UV-induced  apoptosis  through  a  Bax- 
dependent  mitochondrial  apoptotic  pathway  (Fig.  8).  Further 
investigation  is  required  to  determine  the  molecular  mecha¬ 
nism  by  which  ASKl/JNK/p38  regulates  Bax  activation  in 
ovarian  cancer  cells,  i.e.  whether  ASKl  and/or  cisplatin  induce 
Bim  and  Bmf  phosphorylation  and  whether  the  phosphoryla¬ 
tion  is  inhibited  by  PI3K/AKT2  pathway. 
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Normal  cellular  functions  of  hamartin  and  tuberin, 
encoded  by  the  TSCl  and  TSC2  tumor  suppressor  genes, 
are  closely  related  to  their  direct  interactions.  However, 
the  regulation  of  the  hamartin-tuberin  complex  in  the 
context  of  the  physiologic  role  as  tumor  suppressor 
genes  has  not  been  documented.  Here  we  show  that 
insulin  or  insulin  growth  factor  (IGF)  1  stimulates  phos¬ 
phorylation  of  tuberin,  which  is  inhibited  by  the  phos¬ 
phatidylinositol  3-kinase  (PI3K)  inhibitor  LY294002  but 
not  by  the  mitogen-activated  protein  kinase  inhibitor 
PD98059.  Expression  of  constitutively  active  PI3K  or 
active  Akt,  including  Aktl  and  Akt2,  induces  tuberin 
phosphorylation.  We  further  demonstrate  that  Akt/PKB 
associates  with  hamartin-tuberin  complexes,  promoting 
phosphorylation  of  tuberin  and  increased  degradation 
of  hamartin-tuberin  complexes.  The  ability  to  form  com¬ 
plexes,  however,  is  not  blocked.  Akt  also  inhibits  tu- 
berin-mediated  degradation  of  p27’^P^,  thereby  promot¬ 
ing  CDK2  activity  and  cellular  proliferation.  Our  results 
indicate  that  tuberin  is  a  direct  physiological  substrate 
of  Akt  and  that  phosphorylation  of  tuberin  by  PI3K/Akt 
is  a  major  mechanism  controlling  hamartin-tuberin 
function. 


Tuberous  sclerosis  complex  (TSC)^  is  an  autosomal  dominant 
disorder  and  is  characterized  by  the  presence  of  hamartomas  in 
many  organs  such  as  brain,  skin,  heart,  lung,  and  kidney  (1).  It 
is  caused  by  mutation  of  either  the  TSCl  or  TSC2  tumor 
suppressor  gene  (2-5).  TSCl  encodes  a  protein,  hamartin,  con¬ 
taining  two  coiled-coil  domains  that  have  been  shown  to  medi¬ 
ate  binding  to  hamartin  (6).  The  TSC2  gene  codes  for  tuberin, 
which  contains  a  small  region  of  homology  to  the  raplGTPase- 
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activating  protein,  raplGAP  (7).  These  two  proteins  function 
within  the  same  pathway(s)  regulating  cell  cycle,  cell  growth, 
adhesion,  and  vesicular  trafficking  (4,  5).  However,  the  regula¬ 
tion  of  hamartin  and  tuberin  in  the  context  of  physiologic  role 
as  tumor  suppressor  genes  has  not  been  documented. 

Among  the  various  properties  of  these  two  proteins,  the 
ability  to  interact  and  to  form  stable  complex  has  been  the  most 
consistent  finding.  This  led  to  the  hypothesis  that  hamartin 
and  tuberin  function  as  a  complex  and  that  factors  regulating 
their  interaction  are  important  in  understanding  physiologic 
roles.  There  is  evidence  to  suggest  that  phosphorylation  of 
tuberin  may  be  a  major  mechanism  of  regulation  of  the  hamar¬ 
tin-tuberin  complex  (8,  9).  However,  the  kinases  that  are  re¬ 
sponsible  for  phosphorylation  of  this  complex  are  currently 
unknown.  Recent  Drosophila  genetic  studies  showed  that 
dTscl  and  dTsc2  play  an  important  role  in  the  insulin/dPI3K/ 
dakt  signal  trainsduction  pathway  by  demonstrating  that  re¬ 
duced  cell  size  and  cell  proliferation  caused  by  either  mutations 
in  dINR  and  dakt  or  by  overexpression  of  dPTEN  are  overrid¬ 
den  by  homozygous  mutants  of  dTscl  or  dTsc2.  This  implies 
that  dTscl  and  dTsc2  are  either  direct  downstream  targets  of 
dakt  or  on  a  parallel  pathway  of  the  insulin  cascade  down¬ 
stream  from  dakt  (10-13).  Akt,  also  known  as  protein  kinase  B 
(PKB),  represents  a  subfamily  of  the  serine/threonine  protein 
kinase.  Three  isoforms  of  Akt  have  been  identified  including 
Aktl/PKBo:,  Akt2/PKB)3,  and  Akt3/PKB'y,  all  of  which  are  ac¬ 
tivated  by  growth  factors  and  insulin  in  a  PI3K-dependent 
manner  and  are  inhibited  by  PTEN  tumor  suppressor  (14).  Akt 
regulates  a  wide  spectrum  of  cell  functions,  including  cell  sur¬ 
vival,  cell  growth,  differentiation,  angiogenesis,  and  glucose 
metabolism,  through  phosphorylation  of  a  number  of  proteins 
that  contain  the  RXRXXS/T  motif  (14-16). 

Here  we  show  that  Akt  physically  interacts  with  and  phos- 
phorylates  tuberin,  leading  to  degradation  of  the  hamartin- 
tuberin  complex  and  p27^P^  without  interfering  with  hamar¬ 
tin-tuberin  complex  formation.  Moreover,  IGFl  and  insulin 
induce  tuberin  phosphorylation,  which  is  mediated  by  the 
PI3K/Akt  pathway  but  not  by  the  MAPK  pathway.  As  a  result, 
cyclin-dependent  kinase  (CDK)  2  activity,  DNA  synthesis,  and 
S  phase  of  the  cell  cycle  are  elevated.  We  thus  have  identified 
Akt  as  a  major  tuberin  kinase  to  negatively  regulate  hamartin- 
tuberin  tumor  suppressor  function  by  inducing  degradation. 

EXPERIMENTAL  PROCEDURES 

Plasmids — The  cytomegalovirus-based  expression  constructs  encod¬ 
ing  wild  type,  constitutively  active,  and  dominant  negative  Akt,  Myc- 
TSCl,  and  TSC2-Xpress  have  been  described  (3,  17).  TSC2-7A  and 
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TSC2-7D  mutant  constructs  were  created  using  a  QuikChange  multiple 
site-directed  mutagenesis  kit  (Stratagene).  Const! tutively  active  PI3K 
(pi  10*)  was  provided  by  Julian  Downward  (London,  UK). 

Cell  Culture,  Transfection,  and  Flow  Cytometry — Human  embryonic 
kidney  (HEK)  293  and  HeLa  cells  were  obtained  from  the  American 
Type  Culture  Collection.  EEF4  (TSC2-positive)  and  EEF8  (TSC2-neg- 
ative)  cells  were  derived  from  Eker  rat  embryos  homozygous  for  the 
wild  type  and  the  Eker-mutant  TSC2  gene,  respectively  (8).  All  cells 
were  grown  either  in  Dulbecco’s  modified  Eagle’s  medium  or  in  RPMI 
1640  medium,  both  supplemented  with  10%  calf  serum  and  antibiotics. 
Cell  transfections  were  performed  using  LipofectAMINE  Plus.  For  cyt- 
ofiuorometric  analyses,  cells  were  harvested  by  trypsinization,  fixed, 
and  analyzed  on  a  FACScan. 

Immunoprecipitation,  Immunohlotting,  and  in  Vitro  Kinase  Assay — 
For  immunoprecipitation,  lysates  were  incubated  with  the  appropriate 
antibody  (as  noted  in  the  figure  legends)  in  the  presence  of  protein 
A-protein  G  (2:l)-agarose  beads.  The  beads  were  washed  with  lysis 
buffer.  The  immunoprecipitates  were  subjected  to  in  vitro  kinase  assay 
or  Western  blotting  analysis.  Detection  of  antigen-bound  antibody  was 
carried  out  with  the  ECL  System.  Protein  kinase  assays  were  per¬ 
formed  as  described  previously  (18). 

Pulse-chase  Experiments — Prior  to  radioactive  labeling  normal  cul¬ 
ture  medium  was  removed,  and  cells  were  washed  twice  with  phos¬ 
phate-buffered  saline  and  refed  with  minimum  Eagle’s  medium  lacking 
methionine  but  supplemented  with  10%  dialyzed  fetal  bovine  serum 
and  300  pCi  of  Tran^^S-label  per  plate.  After  60  min  of  labeling,  cells 
were  lysed  and  immunoprecipitated  with  anti-TSCl,  -TSC2,  or  -p27 
antibody.  The  immunoprecipitates  were  separated  by  SDS-PAGE  gel. 
Gels  were  dried  and  autoradiographed.  Quantification  of  bands  was 
performed  with  a  Phosphorlmager. 

In  Vivo  P^PJorthophosphate  Cell  Labeling — COS7  cells  were  trans¬ 
fected  with  pcDNA3-TSC2  together  with  or  without  constitutively  ac¬ 
tive  Akt  and  labeled  with  P^P]  orthophosphate  (0.5  mCi/ml)  in  mini¬ 
mum  Eagle’s  medium  without  phosphate  for  4  h.  Tuberin  was 
immunoprecipitated  with  anti-TSC2  antibody.  The  immunoprecipitates 
were  separated  on  SDS-PAGE  and  transferred  to  membranes.  Phos- 
phorylated  tuberin  was  detected  by  autoradiography. 
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RESULTS 

Tuberin  Is  a  Physiological  Substrate  of  Akt — Recent  studies 
demonstrated  that  tuberin  is  phosphorylated  at  serine  and 
tyrosine  residues  in  response  to  serum,  phosphatase  inhibitors, 
and  anisomycin  and  that  the  phosphorylated  tuberin  regulates 
its  interaction  with  hamartin  (8,  9).  However,  the  kinases  that 
are  responsible  for  phosphorylation  of  tuberin  are  currently 
unknown.  Because  tuberin  contains  seven  Akt  phosphorylation 
consensus  sites  that  are  very  conserved  between  human,  rat, 
and  mouse  as  well  as  four  that  are  also  found  in  Drosophila 
(Fig.  la),  we  examined  the  possibility  of  Akt  phosphorylation  of 
tuberin.  In  vivo  P^P]  orthophosphate  cell-labeling  experiments 
revealed  that  constitutively  active  Akt  and  IGFl-induced  Akt 
significantly  phosphorylate  tuberin  (Fig.  lb).  To  explore  which 
sites  on  tuberin  are  potentially  phosphorylated  by  Akt,  in  vitro 
kinase  assay  was  carried  out  using  wild  type  and  mutant 
(converting  SAT  to  alanine)  GST  fusion  proteins  for  each  of 
seven  Akt  putative  phosphorylation  sites  as  substrate.  As 
shown  in  Fig.  Ic,  Akt  can  highly  phosphorylate  fusion  proteins 
containing  all  seven  serine  and  threonine  sites  of  tuberin  but 
not  their  mutants.  We  therefore  conclude  that  tuberin  is  a 
physiological  substrate  of  Akt. 

The  PISKJAkt  Pathway,  but  Not  the  MAPK  Pathway,  Medi¬ 
ates  Insulin,  IGFl,  and  Serum-induced  Tuberin  Phosphoryla¬ 
tion — Because  genetic  studies  of  the  dTsc  complex  in  Drosoph¬ 
ila  have  demonstrated  that  dTscUdTsc2  antagonize  insulin 
signaling  in  cell  growth  (10-13),  we  next  examined  whether 
insulin  and  IGFl  induce  hamartin-tuberin  phosphorylation 
and  whether  Akt  mediates  this  action.  Western  blotting  anal¬ 
yses  showed  that  tuberin,  but  not  hamartin,  was  phosphoryl¬ 
ated  upon  insulin,  IGFl,  or  serum  stimulation  in  HeLa  cells  as 
demonstrated  by  gel  mobility  shift  (Fig.  Id).  The  phosphoryla¬ 
tion  was  abrogated  by  treatment  with  phosphatase  PP2A  or 
PI3K  inhibitors,  LY294002,  and  wortmannin,  but  not  by  MAPK 


Fig.  1.  Akt  phosphorylates  tuberin  in  vitro  and  in  vivo  and 
mediates  insulin-  and  IGFl-induced  tuberin  phosphorylation,  a, 

comparison  of  the  putative  Akt  phosphorylation  sites  in  tuberin  with 
the  sequences  of  phosphorylation  sites  of  known  Akt  substrates.  The 
phosphorylated  residues  are  labeled  by  number,  and  a  consensus  se¬ 
quence  is  denoted  below,  b,  in  vivo  [^^P] orthophosphate  labeling  HeLa 
cells  transfected  with  constructs  immunoprecipitated  with  anti-TSC2 
antibody  are  indicated  at  the  top.  Immunoprecipitates  were  separated 
by  SDS-PAGE,  transferred  to  membrane,  exposed  to  the  film  {upper 
panel),  and  detected  by  anti-TSC2  antibody  {bottom  panel).  WT-Akt, 
wild  type  Akt.  c,  in  vitro  kinase  assay  analysis  of  constitutively  active 
Akt  {Myr-Akt)  immunoprecipitates  using  each  of  the  GST-fused  seven 
Akt  phosphorylation  sites  and  their  alanine  (A)  mutants  as  substrate 
indicated  at  the  bottom,  d-f,  Western  blot  analysis  of  tuberin  in  HeLa 
cells  that  were  serum-starved  overnight  and  stimulated  with  or  with¬ 
out  insulin,  IGFl,  or  serum  for  15  min.  Tuberin  was  immunoprecipi¬ 
tated,  treated  with  phosphatase  PP2A,  and  immunoblotted  with  anti- 
tuberin  antibody.  Electrophoretic  mobility  shift  of  tuberin,  i.e.  the 
phosphorylated  form  of  tuberin,  was  observed  upon  insulin,  IGFl,  or 
serum  stimulation  and  was  abrogated  by  treatment  with  PP2A  {d)  or 
PI3K  inhibitors  {LY294002  and  wortmannin)  for  20  min  (e).  f,  HeLa 
cells  were  transfected  with  constitutively  active  pi  10,  Akt,  and  DN- 
Akt  and  immunoblotted  with  anti-TSC2  {top)  and  -TSCl  {bottom) 
antibodies. 
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Fig.  3.  Akt  phosphorylation  of  tuberin  induces  degradation  of  hamartin  and  tuberin.  a,  HeLa  cells  were  transfected  with  HA-Myr-Akt. 
A  portion  of  the  cell  lysate  was  subjected  to  Western  blot  analysis  using  anti-TSCl  {panel  1\  -TSC2  {panel  2),  -HA  {panel  3),  and  -^-actin  {panel 
4)  antibodies.  The  rest  were  immunoprecipitated  with  anti-TSC2  antibody  and  detected  with  anti-TSCl  antibody  {panel  5)  or  vice  versa  {panel  6). 
by  constitutively  active  Akt- transfected  HeLa  cells  were  pretreated  with  or  without  MG132  for  2  h,  lysed,  and  subjected  to  immunoblotting  analyses 
with  anti-TSCl,  -TSC2,  and  -^-actin  antibodies,  c,  pulse-chase  analyses  of  degradation  of  hamartin  and  tuberin.  TSC2-positive  EEF4  cells  were 
transfected  with  plasmids  indicated  at  the  bottom  of  each  panel,  labeled  with  P^S]  methionine,  chased  at  indicated  times,  and  immunoprecipitated 
with  anti-TSCl  or  -TSC2  antibodies.  The  immunoprecipitates  were  separated  by  SDS-PAGE,  exposed,  and  quantified,  d,  phosphomimic  TSC2-7D 
promotes  and  nonphosphorylatable  TSC2-7A  inhibits  the  degradation  of  hamartin  and  tuberin.  TSC2-deficient  EEF8  cells  were  transfected  with 
indicated  expression  plasmids  {bottom  of  each  panel)  and  chased  at  indicated  times  after  labeling  with  P^S]  methionine.  Immunoprecipitations  were 
performed  with  anti-TSCl,  -TSC2,  or  -Xpress  antibodies.  Graphical  presentations  show  the  normalized  density  of  hamartin  and  tuberin 
degradation  from  100%.  e,  ectopic  expression  of  constitutively  active  Akt  does  not  affect  mRNA  levels  of  TSCl  and  TSC2.  HeLa  cells  were 
transfected  with  increasing  amounts  of  constitutively  active  Akt.  After  48  h  of  transfection,  total  RNAs  were  isolated  and  subjected  to  Northern 
blot  analyses  with  P^P]dCTP-labeled  TSCl  {left)  or  TSC2  {right)  cDNA  probe.  Bottom  panels  indicate  equal  loadings. 
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its  degradation  (20,  21).  To  examine  the  effects  of  Akt  phospho¬ 
rylation  of  tuberin  on  p27^'P^  expression,  pulse-chase  analyses 
were  performed  with  TSC2-deficient  EEF8  cells  that  were 
transfected  with  TSC2,  TSC2/Mry-Akt,  TSC2-7D,  or  TSC2-7A. 
As  shown  in  Fig.  4a,  expression  of  constitutively  active  Akt 
abrogated  the  ability  of  stabilization  of  p27^^P^  by  tuberin. 
P27^pi  degraded  rapidly  in  phosphomimic  TSC2-7D-trans- 
fected  cells  as  compared  with  the  cells  expressing  wild  type 
TSC2/constitutively  active  Akt.  In  contrast,  the  cells  express¬ 
ing  TSC2-7A  exhibited  similar  degradation  rate  of  p27^^P^  to 
wild  type  TSC2-transfected  cells.  Moreover,  expression  of 
TSC2-7A  abrogated  constitutively  active  Akt-induced  p27^^P^ 
degradation  (Fig.  4a).  These  data  indicate  that  degradation  of 
p27kipi  -g  regulated  by  Akt  phosphorylation  of  tuberin. 

Because  G^/S  CDK  2  is  a  major  target  of  p27^^P^  (21),  we  next 
examined  whether  Akt  overrides  tuberin-inhibited  CDK2  ac¬ 
tivity.  Consistent  with  previous  reports  (21,  22),  expression  of 
wild  type  TSC2  inhibited  CDK2  activity  in  a  dose-dependent 
manner.  However,  constitutively  active  Akt  abrogated  TSC2- 
inhibited  CDK2  activity  (Fig.  46).  Phosphomimic  TSC2-7D  lost 
the  ability  to  inhibit  CDK2  activity,  whereas  expression  of 
nonphosphorylatable  TSC2-7A  displayed  the  same  effects  as 
wild  type  TSC2  (Fig.  46). 

Because  CDK2  is  a  major  regulator  of  cell  growth  and  G^/S 
transition  of  the  cell  cycle,  we  further  examined  the  effects  of 
Akt  phosphorylation  of  tuberin  on  cell  proliferation  measured 
by  cell  growth  and  thymidine  incorporation.  As  shown  in  Fig.  4, 
c  and  d,  expression  of  TSC2  or  TSC2-7A  in  TSC2-deficient 
EEF8  cells  inhibited  cell  growth  and  DNA  synthesis  as  com¬ 
pared  with  the  cells  transfected  with  vector  alone.  However, 
cells  expressing  constitutively  active  Akt  or  phosphomimic 
TSC2-7D  significantly  enhanced  cell  growth  and  thymidine 
incorporation.  Consistent  with  previous  findings,  the  number 
of  cells  at  the  Gq-G^  phase  of  the  cell  cycle  was  increased  in  the 
cells  expressing  TSC2.  Expression  of  TSC2-7A  displayed  a  sim¬ 
ilar  effect  on  cell  cycle.  In  contrast,  constitutively  active  Akt 
overrode  wild  type  TSC2  action.  The  cell  number  of  the  S  phase 
was  increased  in  constitutively  active  AktArSC2-  or  phospho¬ 
mimic  TSC2-7D-transfected  cells  (Fig.  4c).  These  data  indicate 
that  Akt  phosphorylated  tuberin  lost  its  tumor  suppressor 
function  at  least  in  part  by  inducing  p27^^P^  degradation. 

DISCUSSION 

Recent  studies  have  demonstrated  that  phosphorylation  of 
hamartin  and/or  tuberin  may  play  an  important  role  in  the 
formation  of  the  tuberin-hamartin  complex.  Tuberin  is  phos¬ 
phorylated  at  serine  and  tyrosine  residues,  and  a  disease- 
related  TSC2  t3rrosine  1571  mutation  (Y1571H)  nearly  abolishes 
tuberin  tyrosine  phosphorylation  and  disrupts  tuberin- 
hamartin  binding,  implying  that  the  phosphorylation  of 
tyrosine  1571  of  TSC2  is  required  for  tuberin-hamartin  com¬ 
plex  formation  (8,  9).  Our  study,  however,  shows  that  phospho¬ 
rylation  of  tuberin  by  Akt  and  mitogenic  factors  (insulin  and 
IGFl)  abrogates  hamartin-tuberin  tumor  suppressor  activity 
without  interfering  with  binding  but  by  inducing  degradation 
of  both  proteins  through  the  proteosome  pathway.  Therefore, 
we  provide  a  new  paradigm  for  regulation  of  the  TSC1/TSC2 
tumor  suppressor  pathway. 

In  addition  to  the  Forkhead  transcription  factor  family  (16, 
22),  tuberin  is  the  second  Akt  downstream  target  that  has  been 
uncovered  by  genetic  studies  so  far.  In  this  study,  we  present 
molecular  evidence  that  tuberin  is  a  direct  physiological  sub¬ 
strate  of  Akt  by  demonstrating  that  Akt  binds  to  and  phospho- 
rylates  tuberin.  It  has  been  documented  that  Akt  induces  cell 
cycle  progression  and  cell  proliferation  through  transcription 
repression  and  degradation  of  p27^'P^  (23,  24).  Akt  inhibition  of 
p27kipi  transcription  is  achieved  by  Akt  phosphorylation  of  a 


Insulin/IGFl 


Fig.  5.  Schematic  illustration  of  negative  regulation  of  the 
TSC  tumor  suppressor  complex  by  PISKTAkt. 

Forkhead  transcription  factor,  AFX,  leading  to  the  decrease  of 
p27^ipi  promoter  activity  (24).  However,  the  mechanism  of  Akt 
degradation  of  p27^P^  is  unclear.  Tuberin  was  revealed  to 
stabilize  p27^P^  by  maintaining  p27^P^  in  the  nucleus  (20).  We 
observed  in  this  study  that  Akt  attenuates  the  tuberin  action 
but  does  not  induce  translocation  of  p27^P^  from  nuclear  to 
C5d:oplasm  (data  not  shown).  Previous  studies  have  shown  that 
three  isoforms  of  Akt  share  almost  the  same  upstream  regula¬ 
tors  and  downstream  targets.  Similarly,  we  have  observed  that 
Aktl,  Akt2,  and  Akt3  all  phosphorylate  and  interact  with  tu¬ 
berin,  even  though  Akt2  displays  a  slightly  higher  binding 
affinity  to  tuberin.  The  model  in  Fig.  5  illustrates  the  mecha¬ 
nism  through  which  the  PI3K/Akt  pathway  mediates  insulin 
and  IGFl  signals  to  down-regulate  hamartin-tuberin  function 
by  phosphorylation  of  tuberin.  Our  results  define  a  possible 
new  mechanism  through  which  Akt  induces  cell  proliferation 
and  transformation  by  inhibiting  TSC1/TSC2  tumor  suppres¬ 
sor  functions. 
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Research  Support 
Active 

ROl  CA  077935-06  (P.I.  Cheng,  J.Q.) 

NCI  $175,000  20% 

The  Role  of  AKT2  Oncogene  in  Human  Oncogenesis 

The  major  goals  of  this  project  are...  to  examine  (1)  transcriptional  regulation  of  AKT2  and  characterization  of 
AKT2  promoter,  (2)  the  effects  of  AKT2-interaction  protein,  NAB,  on  AKT2  signaling,  (3)  the  effects  of 
AKT2  phosphorylation  of  TSC2  on  cell  cycle  control,  and  (4)  AKT2  inducible  genes  identified  by  cDNA 
array. 

ROl  CA  89242  (P.I.  Cheng,  J.Q.)  6/1/01  -  5/31/06 

NCI  $157,500  20% 

AKTl  Oncogene  in  Carcinogenesis 

The  major  goals  of  this  project  are...  to  examine  the  importance  of  AKTl  in  prostate  carcinogenesis  and  the 
effects  of  AKTl -interaction  proteins,  APaB  and  PMSB4,  on  AKTl  survival  and  growth. 

DAMD 17-00-0559  (P.I.  Cheng,  J.Q.)  9/1/00  -  8/3 1/03 

DOD  $100,000  15% 
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Cheng,  Jin  Q. 


.  Principal  Investigator/Program  Director  {Last,  first,  middle): 

*Phosphoinositide  3-kinase/ AKTl  pathway  and  human  ovarian  cancer 
^he  major  goals  of  this  project  are.. .to  examine  the  incidence/clinical  significance  of  PI3K/AKT1  alterations  in 
ovarian  cancer  and  the  role  of  overexpression  of  active  and  wild  type  PI3K  and  AKTl  in  ovarian  surface 
epithelial  (OSE)  cell  transformation  in  vitro  and  in  vivo. 

DAMD17-01-1-0394(P.I.  Cheng,  J.Q.)  9/1/01-8/31/04 

DOD  $100,000  15% 

AKT2  Oncogene  and  Phosphoinositide  3 -kinase  in  Human  Breast  Cancer 

The  major  goals  of  this  project  are.. .to  examine  the  incidence  and  clinicopathological  significance  of 
PI3K/AKT2  alterations  in  breast  cancer  and  (2)  the  role  of  PI3K/AKT2  in  chemoresistance  and  tomaxifen 
resistance. 

DAMD 17-02- 1-0671  (project  leader,  Cheng  J.Q..)  9/1/02  -  8/31/06 

DOD  $83,000  10% 

Cell  Growth  and  Survival  in  Ovarian  Epithelial  Cancer 

The  major  goals  of  this  project  are... to  examine  the  role  of  AKT-interation  protein,  APBP,  in  ovarian  cancer 
development  and  the  mechanism  of  APBP  in  chemoresistence. 


Pharmaceutical  company  support  (P.I.  Cheng,  J.Q.)  6/1/99-5/31/04  5% 

Berlex  Bioscience  $85,000 

Akt  as  target  for  cancer  intervention 

The  major  goals  of  this  project  are.. .to  develop  Akt  inhibitor(s). 


R01CA85709  (PI;  Said  M.  Sebti;  Co-PI:  Cheng,  J.Q.)  3/1/01  -  3/1/06 

NIH  $125,000  10% 

AKT  Survival  Pathways  and  FTI-induced  Apoptosis 

The  major  goals  of  this  project  are.. .to  examine  the  mechanism  of  FTI  inhibition  of  PI3K/AKT  pathway. 
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